PII protein is conserved among bacteria, archaea and plants, and is thought to function as a carbon/nitrogen balance sensor in these organisms. Recently, several proteins that specifically interact with PII, including a PII phosphatase (PphA), an amino acid biosynthetic enzyme (NAGK), a probable membrane channel (PamA) and a small protein (PipX) that also interacts with the nitrogen transcription factor NtcA, have been identified in the unicellular cyanobacteria Synechococcus sp. PCC 7942 and Synechocystis sp. PCC 6803. These findings and subsequent analyses have suggested that PII protein controls carbon and nitrogen metabolism at the gene expression level as well as at the protein activity level. In this review, the functions of PII are envisaged based on functional analyses of the PII-interacting proteins identified in cyanobacteria.
Introduction
Cyanobacteria, which comprise a diverse group of prokaryotes performing oxygenic photosynthesis, can grow photoautotrophically, and their carbon fixation plays a key role in the global carbon cycle (Li 1994) . The first cyanobacterial genome sequence to be determined was that of a unicellular cyanobacterium, Synechocystis sp. PCC 6803 (hereafter referred to as Synechocystis) (Kaneko et al. 1996) . Since then, several further genome projects have been completed in a number of cyanobacterial species (CyanoBase, http://www.kazusa.or.jp/cyano/; Microbial Genomes, http://ncbi.nlm.nih.gov/genomes/MICROBES/ microbial_taxtree.html). There are several advantages to using cyanobacteria for studying photosynthetic organisms, and cyanobacteria are considered to be model photosynthetic organisms. For example, the genes in cyanobacterial genomes generally show less redundancy than those of higher plants (Kaneko et al. 1996) . Moreover, cyanobacterial genes are easily disrupted by homologous recombination via natural transformation (Williams and Szalay 1983) , and high-quality microarrays, such as CyanoChip (TAKARA), are available for genome-wide transcript analyses.
The mechanisms involved in maintaining the carbon and nitrogen (C/N) metabolism balance have been receiving much attention, since carbon and nitrogen are primary and essential nutrients for the biogenesis of cellular components (Commichau et al. 2006) . PII protein (encoded by glnB), a signal transduction protein conserved among bacteria, archaea and plants, senses the nitrogen status, and is also considered to play pivotal roles in monitoring the C/N balance (Forchhammer 2004) . The general roles of PII, especially in Escherichia coli and cyanobacteria, have been discussed in several previous reviews (Ninfa and Atkinson 2000 , Arcondeguy et al. 2001 , Moorhead and Smith 2003 , Forchhammer 2004 . In this review, we will focus on the recent identification of PII-interacting proteins in unicellular cyanobacteria, and discuss the emerging view of PII functions based on these findings.
PII Signal Transduction Protein in Cyanobacteria
PII protein in cyanobacteria was first identified in Synechococcus sp. PCC 6301 by N-terminal sequencing of a phosphorylated 13 kDa protein (Harrison et al. 1990 ). All the cyanobacterial genomes determined to date have since been found to contain a unique glnB gene, while proteobacteria and other bacterial species contain paralogous PII proteins, such as GlnK and NifH (Arcondeguy et al. 2001 ). The exception is Gloeobacter violaceus PCC 7421, a diverged cyanobacterium lacking a thylakoid membrane, which possesses two glnB-like genes (Nakamura et al. 2003) . In higher plants, PII protein is encoded by the nuclear genome and located in the chloroplast (Hsieh et al. 1998) . On the other hand, a red algal PII protein is encoded by the chloroplast genome (Reith and Munholland 1993) , suggesting that PII in plant nuclear genomes has evolved from an endosymbiotic cyanobacterium. Phylogenetic analyses have suggested that PII is monophyletic in cyanobacteria and divided into two subgroups, which roughly correspond to species living in fresh water Fax, and seawater, respectively (Fig. 1) . On the other hand, PII in moss and higher plants forms a monophyletic group that branches from a cyanobacterial cluster (bootstrap value, 71%), consistent with the idea that plant PII is derived from an ancestral cyanobacterium (Fig. 1) . It is noteworthy that some algae, such as Cyanidioschyzon merolae (red alga) and Chlamydomonas reinhardtii (green alga), appear to lack a gene for PII (Matsuzaki et al. 2004 ) (Chlamy Center, http://www.chlamy.org/).
The biochemical properties of PII have mainly been investigated in a unicellular cyanobacterium, Synechococcus sp. PCC 7942 (hereafter referred to as Synechococcus). Similar to the case for E. coli, PII protein in unicellular cyanobacteria constitutes a homotrimer, and each monomer in the complex binds ATP and 2-oxoglutarate (2-OG) in a mutually dependent manner (Forchhammer and Hedler 1997) . In cyanobacteria, 2-OG is almost solely used for nitrogen assimilation through the glutamine synthetase-glutamate synthase (GS-GOGAT) cycle due to the lack of a typical 2-OG dehydrogenase, and nitrogen depletion results in intracellular accumulation of 2-OG (Muro-Pastor et al. 2001a Fig. 1 Phylogeny of PII proteins in bacteria, archaea and plants. A maximum-likelihood tree based on 106 unambiguously aligned amino acid positions from 31 glnB or glnK genes is shown. Alignment was performed using the ClustalW system (http://www.ddbj.nig.ac.jp/ search/clustalw-j.html) (Thompson et al. 1994) . The tree was constructed by a local rearrangement search based on the WAG model using BIONJ trees as start topologies by PHYML Online (http://atgc.lirmm.fr/phyml/) (Guindon et al. 2005) . The bootstrap values supporting this topology were based on 500 replications. The percentage of support for each group is indicated at the root of the groups. Branch lengths are proportional to the number of amino acid substitutions, indicated by the scale bar above the tree. GenBank accession Nos. are: Synechocystis sp. PCC 6803, ssl0707 (BAA18533); Thermosynechococcus elongatus, tll0591 (BAC08143); Anabaena sp. PCC 7120, all2319 (BAB74018); Prochlorococcus marinus SS120, Pro1616 (NP876007); Prochlorococcus marinus MED4, PMT1463 (CAE21638); Prochlorococcus marinus MIT9313, PMT1481 (CAE21656); Synechococcus sp. WH 8102, SYNW0462 (CAE06977); Synechococcus sp. PCC 7002, AAF63031; Synechococcus elongatus PCC 7942, ABB56353; Arabidopsis thaliana, AAC78333; Oryza sativa, BAD88531; Lycopersicon esculentum, AAR14689; Ricinus communis, AAC78332; Physcomitrella patens, BAF36547; Azospirillum brasilense, GlnB, AAK01659; GlnK, CAA63238; Azorhizobium caulinodans, GlnB, CAA71264; GlnK, CAA12409; Rhizobium etli, GlnB, ABC90887; GlnK, ABC92719; Rhodobacter sphaeroides, GlnB, ACC34721, GlnK, ACC34722; Escherichia coli, GlnB, CAA41683; Gln K, AAD14836; Klebsiella pneumoniae, GlnB, CAA32177; GlnK, CAA07092; Pseudomonas aeruginosa, AAG08673; Corynebacterium glutamicum, CAB39373; Mycobacterium tuberculosis, CAA98972; Streptomyces coelicolor, CAD55357; Archaeoglobus fulgidus, GlnK1, AAB90263; GlnK2, AAB89507; GlnK3, AAB89500; Methanococcus jannaschii, GlnK1, AAB98041; and GlnK2, AAB99353.
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confirmed to be a signaling metabolite for the cellular nitrogen status (Muro-Pastor et al. 2001b ). Other than binding to PII, 2-OG activates a CRP-type transcription factor, NtcA, and mediates transcriptional activation of nitrogen-responsive genes, including glnB (Tanigawa et al. 2002 , Vazquez-Bermudez et al. 2002 . In addition to its interactions with ATP and 2-OG, PII in unicellular cyanobacteria is phosphorylated at a serine residue (Ser49) (Forchhammer and Tandeau de Marsac 1994, Hisbergues et al. 1999) , which is different from PII uridylylation in enteric bacteria (Arcondeguy et al. 2001 ). PII protein is dephosphorylated under nitrogen-replete conditions (ammonium as the nitrogen source), whereas two or three subunits of a PII trimer are phosphorylated under nitrogen-depleted conditions (Forchhammer and Tandeau de Marsac 1994, Forchhammer and Tandeau de Marsac 1995a) . In addition to the nitrogen status, the carbon status also alters PII phosphorylation. When CO 2 fixation is increased [transition from air to 1% (v/v) CO 2 in air], the degree of phosphorylation is increased (Lee et al. 1998 ). On the other hand, PII is dephosphorylated in the presence of D,L-glyceraldehyde, which inhibits CO 2 fixation (Forchhammer and Tandeau de Marsac 1995a) . In this manner, PII phosphorylation is modulated by the nitrogen and carbon statuses, and it is therefore considered that cyanobacterial PII perceives signaling for the C/N balance. However, while PII of enteric bacteria is established as a regulator of a two-component signal transduction module to control nitrogen-regulated transcription (Arcondeguy et al. 2001) , it has taken a long time before we could elucidate roles of PII in cyanobacteria.
The first clue toward elucidating the function of cyanobacterial PII was the finding that the nitrate/nitrite transporter (NRT) activity was constitutively active in a PII-deficient mutant, but inhibited in the presence of ammonium in the corresponding wild-type cyanobacterium (Lee et al. 1998) . Substitution of Ser49 of PII with alanine, which mimics non-phosphorylated PII, resulted in a lack of nitrate uptake, regardless of the nitrogen source provided (Lee et al. 2000) . These results suggest that non-phosphorylated PII represses the transporter activity and that phosphorylation of PII allows the transporter to take up nitrate. In addition to the NRT, the PII-deficient mutant was unable to repress the activity of the high-affinity bicarbonate transporter in the presence of high inorganic carbon concentrations, conditions that usually lead to repression of the transporter activity in the wild-type cyanobacterium (Hisbergues et al. 1999) . In this way, PII properly regulates the transporters for nitrogen and carbon sources according to the nutrient conditions. Since the ammonium repression of NRT was abolished in a C-terminal deletion mutant of NrtC (an ATP-binding subunit of NRT), a direct interaction of the truncated domain with PII was proposed (Kobayashi et al. 2005) . However, the interactions between PII and these transporters remain elusive.
PphA, a PII Phosphatase
Since PII in unicellular cyanobacteria was found to be phosphorylated, searches for the corresponding kinase(s) and phosphatase(s) have been carried out. Irmler and Forchhammer (2001) generated Synechocystis mutants lacking PP2C-type phosphatases, and discovered that disruption of sll1771, designated pphA, resulted in deficiency of PII dephosphorylation. In vitro experiments with purified PphA and phosphorylated PII revealed that PphA dephosphorylated PII in the presence of Mg 2þ or Mn 2þ ions (Irmler and Forchhammer 2001) . Biochemical analyses demonstrated that dephosphorylation of PII by PphA was inhibited in the presence of 2-OG, consistent with the induction of PII phosphorylation during nitrogen starvation (Ruppert et al. 2002) . A subsequent study showed that the protein amount of PphA was increased by nitrite as a signaling metabolite . The transcript levels of pphA were constitutive regardless of the nitrogen source, indicating that PphA is regulated at the post-transcriptional level . A pphAdeficient mutant of Synechocystis (MPphA) showed a growth disadvantage phenotype in nitrate medium . Briefly, growth competition assays were carried by mixing wild-type and MPphA cells at a ratio of 1 : 1 in liquid medium containing nitrate, ammonium or urea as the nitrogen source. The ratio of MPphA cells to wild-type cells was found to decline to 10% after three dilutions in nitrate medium, whereas it remained unchanged in the case of ammonium or urea medium . In addition, increased uptake of nitrate and excretion of excess nitrite were observed in MPphA cells under low-light conditions . Thus, PII and its phosphorylation control are required to regulate nitrate/ nitrite assimilation in changing nitrogen conditions.
The kinase or kinases for PII remain to be determined. PII kinase activity was described as being ATP dependent and stimulated by 2-OG in Synechococcus (Forchhammer and Tandeau de Marsac 1995b) . Other studies have shown that the kinase activity was low in cells grown in the presence of ammonium, and disappeared in an NtcA-deficient mutant (Lee et al. 1999 . Thus, NtcA can positively regulate the responsible kinase during nitrogen starvation. Although the sll1770 gene encoding a putative kinase is located upstream of pphA, its disruption did not affect the degree of PII phosphorylation (Irmler and Forchhammer 2001) .
Therefore, further studies are required to identify the PII kinase(s) in cyanobacteria.
N-Acetyl Glutamate Kinase (NAGK)
Recently, the first regulatory target for cyanobacterial PII was concomitantly discovered in Synechococcus by two independent groups. Using yeast two-hybrid screening with a Synechococcus genome library, NAGK, encoded by argB, was identified as a PII-binding protein (Burillo et al. 2004 , Heinrich et al. 2004 . NAGK is a second enzyme of the biosynthetic pathway from glutamate to arginine in prokaryotes (Caldovic and Tuchman 2003) . A PII-null mutant of Synechococcus, designated MP2, showed reduced NAGK activity (Burillo et al. 2004 , Heinrich et al. 2004 (Fig. 2) . Biochemical analyses using purified PII and NAGK revealed that PII increased NAGK activity in vitro . Following complex formation with PII, the NAGK catalytic efficiency (k cat /K m ) increased by $40-fold (0.4 Â 10 3 s À1 M À1 for free NAGK vs. 16 Â 10 3 s À1 M À1 for PII-interacting NAGK). PII also increased NAGK activity by relieving feedback inhibition by arginine. For the complex with PII, the half-maximum inhibition concentration of arginine increased by $7.5-fold . It was further demonstrated that one PII trimer interacted with one NAGK hexamer, and that the interaction was inhibited by 2-OG in the presence of ATP and MgCl 2 , as well as by mutation of Ser49 of PII (Burillo et al. 2004 , Heinrich et al. 2004 ). These results suggest that non-phosphorylated and non-2OG-binding PII forms a complex with NAGK, thereby activating arginine biosynthesis under nitrogenreplete conditions (Fig. 2) . Indeed, NAGK activity was increased by supplementation of ammonium to nitrogenstarved cells (Heinrich et al. 2004 ).
An interaction between PII and NAGK was also found in higher plants. In Arabidopsis thaliana and Oryza sativa, PII-like proteins (GLB1 and OsGlnB, respectively) are encoded by the nuclear genomes and located in plastids (Sugiyama et al. 2004 , Ferrario-Mery et al. 2005 . In Arabidopsis, wild-type plants grown on sucrose without a nitrogen source accumulate anthocyanins, which were relieved by addition of nitrogen sources such as ammonium nitrate (inorganic nitrogen) or glutamine (organic nitrogen) (Hsieh et al. 1998 ). In the case of transgenic plants overexpressing PII proteins, accumulation of anthocyanins was not relieved by glutamine, whereas it was relieved by ammonium nitrate as in wild-type plants (Hsieh et al. 1998) , indicating that PII protein was involved in sensing the status of amino acids for carbon and organic nitrogen sources in higher plants. In rice, Sugiyama et al. (2004) , using a yeast two-hybrid analysis, discovered that NAGK1, one of two NAGKs in rice, was bound to PII. They further showed that NAGK1 was localized in plastids of rice leaf cells, implying complex formation of PII and NAGK1 in vivo (Sugiyama et al. 2004 ). In the case of Arabidopsis, purified recombinant PII activated NAGK in vitro (Ferrario-Mery et al. 2006 for PII-interacting NAGK) following complex formation with PII, PII relieved the feedback inhibition of NAGK activity by arginine (Chen et al. 2006) , as observed in Synechococcus. The half-maximum inhibition concentration of arginine was increased by $3.4-fold following binding of PII to NAGK (Chen et al. 2006) . Thus, the primary function of PII binding to NAGK is to relieve feedback inhibition by arginine in higher plants (Chen et al. 2006) . In this way, although the regulatory mechanisms may differ somewhat between cyanobacteria and higher plants, the interaction between PII and NAGK appears to be conserved among divergent photosynthetic organisms, A PII trimer interacts with a NAGK hexamer, thereby inducing the enzymatic activity of NAGK under nitrogenreplete conditions. During nitrogen starvation, PII binds ATP and 2-OG, and dissociates from NAGK, leading to decreased NAGK activity. Although it has been deduced that more than one 2-OG molecule can bind to one PII trimer at sufficient ATP concentrations (Forchhammer and Hedler 1997) , the exact number of 2-OG molecules associated with PII in vivo remains to be determined.
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and PII is directly involved in metabolism of amino acids in higher plants.
PamA, a Probable Membrane Channel
Another candidate for a PII regulatory target was identified in Synechocystis. Using yeast two-hybrid analyses with a Synechocystis genomic library, the hypothetical protein Sll0985, designated PamA (PII associated membrane protein A), was identified as a binding partner of PII (Osanai et al. 2005b) . PamA is a 680 amino acid protein that contains seven probable membrane-spanning regions (Osanai et al. 2005b) . In silico and phylogenetic analyses showed that the C-terminal region of PamA, which includes three membrane-spanning regions, contained the MscS family domain structure (Pivetti et al. 2003 , Osanai et al. 2005b . MscS is a channel that relieves turgor pressure caused by hypo-osmotic shock in bacteria (Pivetti et al. 2003 , Edwards et al. 2004 , suggesting that PamA may be a membrane channel regulated by PII in Synechocystis (Fig. 3) . GST-pulldown and far-Western analyses revealed that the C-terminal region (amino acids 475-680) of PamA interacted with PII in vitro (Osanai et al. 2005b ). This interaction between PII and PamA was abolished in the presence of ATP and 2-OG, suggesting that PII is dissociated from PamA during nitrogen starvation (Osanai et al. 2005b) (Fig. 3) .
A subsequent genetic analysis indicated that the PII protein level was decreased in a pamA-deficient mutant (Osanai et al. 2005b ). In addition, the transcript levels of a subset of nitrogen-related genes, such as nrtABCD (encoding NRT), nblA (encoding a protein essential for phycobilisome degradation during nitrogen starvation) and sigE (encoding one of the group 2 RNA polymerase sigma factors), whose expression is under the control of NtcA, were decreased in the pamA mutant (Osanai et al. 2005b ). These results suggest that PamA genetically up-regulates the expression levels of these nitrogen-related genes.
Among these PamA-regulated genes, SigE was subjected to further analyses. SigE was first characterized as a sigma factor whose transcription was enhanced by nitrogen depletion, and its protein level was subsequently found to be increased by nitrogen depletion in an NtcA-dependent manner (Muro-Pastor et al. 2001a , Osanai et al. 2006 . Transcriptome analyses of a sigE-null mutant revealed that SigE positively regulated the expression levels of sugar catabolic genes (Osanai et al. 2005a , Osanai et al. 2007 ). In the pamA mutant, the SigE protein level was decreased, and the transcript levels of sugar catabolic genes were consistently reduced compared with those in the parental wild-type strain (Osanai et al. 2005b ). The pamA mutant was unable to grow in glucose-containing medium, implying aberrant sugar metabolism in this mutant (Osanai et al. 2005b) . Thus, PamA appears to regulate sugar catabolic genes positively through SigE. A glnB mutant of Synechocystis containing decreased PII protein levels showed reduced transcript levels of sugar catabolic genes (T. Osanai et al. unpublished results) , indicating that the decreased expression levels of sigE and sugar catabolic genes are due to the reduced PII protein levels in the pamA mutant.
PipX, a Protein that Binds to PII and NtcA
PII is known to affect the transcription of nitrogenrelated genes, especially those included in the NtcA regulon (Aldehni et al. 2003 , Paz-Yepes et al. 2003 . However, it remains to be elucidated how PII controls transcription in cyanobacteria. A third PII receptor protein, designated PipX (PII interaction protein X), was discovered in Synechococcus and may shed light on this point. PipX, a PamA channel is activated by PII dissociation Fig. 3 Model for the regulation of PamA by its association with PII. PII is associated with the C-terminal region of PamA under nitrogen-replete conditions, resulting in repression of PamA channels. Following nitrogen depletion, PII bound to ATP and 2-OG dissociates from PamA, and this may lead to activation of an unknown channel activity of PamA. It is speculated that PamA constitutes a heptamer since it is an MscS member, although the stoichiometry has not yet been examined.
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PII-interacting protiens in cyanobacteria small protein consisting of 89 amino acids, was shown by yeast two-hybrid analyses to interact with PII (Espinosa et al. 2006) . PipX is conserved in all cyanobacterial genomes determined to date, but not in other bacteria and plants (Espinosa et al. 2006) . Surface plasmon resonance analyses revealed that the interaction between PII and PipX was weakened in the presence of ATP and 2-OG (Espinosa et al. 2006) . In addition to PII, PipX also interacts with NtcA, and in vitro analyses revealed that 2-OG increases NtcAPipX complex formation (Espinosa et al. 2006) . Based on these results, the authors postulated that PipX interacts with PII under nitrogen-replete conditions, and dissociates from PII and associates with NtcA under nitrogen-depleted conditions (Fig. 4) . Genetic studies demonstrated that the promoter activities of the glnB and glnN (encoding type III glutamine synthetase regulated by NtcA) genes were decreased in a pipX mutant, suggesting that PipX activates the transcription of NtcA regulons (Espinosa et al. 2006) . Very recently, genetic analysis with a pipX-null mutant demonstrated that PipX positively regulated the activities of nitrate reductase, nitrite reductase and glutamine synthetase, and was required for induction of chlorosis during nitrogen starvation (Espinosa et al. 2007 ). Further studies are expected to elucidate how PipX enhances the transcriptional activity of NtcA.
Perspectives
PII is a signal transduction protein that is widely conserved among bacteria, archaea and plants, and recent studies of unicellular cyanobacteria have revealed four PII-interacting proteins, namely PphA, NAGK, PamA and PipX. The interaction between PII and NAGK is also conserved in higher plants, implying that cyanobacteria could be model organisms for functional studies of PII in photosynthetic organisms.
Future studies are required to elucidate the following unsolved problems regarding PII and its interacting proteins: (i) PII phosphatase PphA dephosphorylates PII, but the kinase or kinases for PII have not been discovered; (ii) PamA belongs to the MscS family, but its biochemical and physiological functions have not been clarified; (iii) PipX interacts with NtcA, but the molecular mechanism of NtcA activation by PipX remains unknown; (iv) in vitro interaction and genetic analyses have been performed, but in vivo associations between PII and PII-interacting proteins have not yet been demonstrated; and (v) direct interactions between PII and transporters for nitrate/nitrite or inorganic carbon uptake have not yet been shown. Importantly, possible differences in PII functions between Synechocystis and Synechococcus should be considered, since PphA and PamA were only investigated in Synechocystis, and NAGK and PipX were only investigated in Synechococcus. By answering these points, future studies on PII in unicellular cyanobacteria will help toward understanding of the interaction between carbon and nitrogen metabolisms in cyanobacteria, and even in other photosynthetic organisms including higher plants. Fig. 4 Model for the regulation of NtcA transcription by PII and PipX. PipX interacts with PII under nitrogen-replete conditions, but not with NtcA. It has been deduced that one PII trimer forms a complex with one PipX monomer (Espinosa et al. 2006) . PipX dissociates from PII and interacts with NtcA following 2-OG supplementation to nitrogen-starved cells. It has been proposed that PipX enhances the activity of NtcA, resulting in increased transcription of the NtcA regulon. The stoichiometry of the 2-OG interaction with an NtcA dimer has not yet been determined.
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